The Rad50:Mre11:Xrs2 (RMX) complex functions in repair of DNA double-strand breaks (DSBs) by recombination and nonhomologous end-joining (NHEJ) and is also required for telomere stability. The Mre11 subunit exhibits nuclease activities in vitro, but the role of these activities in repair in mitotic cells has not been established. In this study we have performed a comparative study of three mutants (mre11-D16A, -D56N, and -H125N) previously shown to have reduced nuclease activities in vitro. In ends-in and ends-out chromosome recombination assays using defined plasmid and oligonucleotide DNA substrates, mre11-D16A cells were as deficient as mre11 null strains, but defects were small in mre11-D56N and -H125N mutants. mre11-D16A cells, but not the other mutants, also displayed strong sensitivity to ionizing radiation, with residual resistance largely dependent on the presence of the partially redundant nuclease Exo1. mre11-D16A mutants were also most sensitive to the S-phase-dependent clastogens hydroxyurea and methyl methanesulfonate but, as previously observed for D56N and H125N mutants, were not defective in NHEJ. Importantly, the affinity of purified Mre11-D16A protein for Rad50 and Xrs2 was indistinguishable from wild type and the mutant protein formed complexes with equivalent stoichiometry. Although the role of the nuclease activity has been questioned in previous studies, the comparative data presented here suggest that the nuclease function of Mre11 is required for RMX-mediated recombinational repair and telomere stabilization in mitotic cells.
UKARYOTIC organisms repair broken chromo-D' Amours and Jackson 2002; Myung and Kolodner 2002) . somes by at least two distinct DNA repair pathways, Several of the metabolic defects described for yeast homologous recombination and nonhomologous end-RMX mutants are also observed in mammalian cells joining (NHEJ). The conserved Saccharomyces cerevisiae upon inactivation of the corresponding gene orthologs. Rad50, Mre11, and Xrs2 proteins (referred to as RMX) For example, mutations within the human genes hMREplay a unique role in that they function in both recombi-11 and hNBS1 (hNBS1 is the apparent human equivanation and NHEJ repair. Yeast cells containing inactilent of yeast XRS2) cause the human disorders Nijmegen vated RMX genes are defective in NHEJ assays (e.g., breakage syndrome and ataxia telangiectasia-like disorhomology-independent plasmid recircularization, sensider, respectively (Stewart et al. 1999) . Cells derived tivity to in vivo expression of EcoRI endonuclease, delefrom individuals with these disorders display multiple tion formation within dicentric plasmids, etc.) and also DNA damage response defects, including hypersensitivexhibit reduced efficiency of DSB-induced homologous ity to ionizing radiation and defective checkpoint rerecombination (Lewis and Resnick 2000; Sung et al. sponses. In addition, individuals with these disorders 2000; Symington 2002) . RMX mutants also have greatly have an increased incidence of cancer (Petrini 1999; increased frequencies of spontaneous chromosome re-D' Amours and Jackson 2002) . Further evidence sugarrangements, shortened telomeres, defects in S-phase gesting a role for inactivation of the complex in cancer checkpoint responses to DNA damage, hypersensitivity development has been obtained from directed sequencto clastogenic chemicals and ionizing radiation and reing of hMRE11 genes from random (Fukuda et al. 2001 ) duced recombination in meiosis (Chen and Kolodner and mismatch repair-deficient tumor cells (Giannini et 1999; Kouprina et al. 1999; Lewis and Resnick 2000; al. 2002) . Grenon et al. 2001; Usui et al. 2001; Chang et al. 2002;  The Mre11 subunit of RMX has manganese-dependent 3Ј-to-5Ј dsDNA exonuclease and ssDNA endonuclease activities that are active on a number of linear 1 vitro and in vivo (Hopfner et al. 2000; pathway. The results with Exo1 are inconsistent with recent analyses of mutants with substitutions in the conSung 2001; Lobachev et al. 2002) . The purified enzyme also has DNA strand annealing and dissociation activiserved phosphoesterase motifs of Mre11 (e.g., -D56N, -H125N, and -H125L/D126V), which suggested that ties (D 'Amours and Jackson 2002) . Sequence comparisons have indicated that Mre11 contains five conserved nuclease activity is not required for several major functions of RMX in mitotic cells, including recombination, sequence motifs found in many phosphodiesterase enzymes (although some reports recognize only four mo-NHEJ, and telomere stabilization Moreau et al. 1999; Symington et al. 2000 ; Tsukamoto tifs) and these regions appear to harbor the nuclease activities of the enzyme (Baum 1995; Sharples and Leach et al. 2001; Lobachev et al. 2002) . While the Mre11 nuclease is clearly required for pro-1995; Bressan et al. 1998; Tsubouchi and Ogawa 1998; Usui et al. 1998; Moreau et al. 1999; Hopfner et al. cessing of special DNA structures, such as meiotic DSBs containing attached proteins or certain DNA secondary 2001, 2002) .
The Rad50 subunit of RMX is a large ATP-binding structures in mitotic cells (Rattray et al. 2001; Lobachev et al. 2002; Symington 2002) , previous studies of protein whose sequence contains typical Walker A and B ATPase motifs on either side of two extended coiledknown nuclease-defective alleles observed only minor effects on repair of DSBs induced by ionizing radiation, coil domains (Alani et al. 1990; Hopfner et al. 2000) . The function of Xrs2 remains unclear, although recent chemicals, or site-specific endonucleases during mitotic growth. We report here that cells expressing a mutant work demonstrating protein:protein interactions between this subunit and Lif1, a component of the DNA Mre11 protein (Mre11-D16A; motif I), which is deficient in endonuclease and exonuclease activities, but which ligase IV complex, suggest an important role in RMXmediated repair by NHEJ (Chen et al. 2001) . Studies retains the ability to bind DNA and to form multimers with Mre11, has multiple DNA metabolic defects that of the equivalent protein in higher eukaryotes (NBS1) indicate that some activities of the complex, e.g. duplex are consistent with a role for its nuclease function(s) in recombinational repair of DSBs and telomere stabiliza-DNA unwinding, are also dependent upon the presence of this subunit (Paull and Gellert 1999 Figure 1A) . A DNA fragrecombinational repair, but not repair by the NHEJ Mre11 Nuclease Required in Mitotic Cells ment containing selectable and counterselectable markers for Binding of Rad50 and Xrs2 to wild-type and mutant Mre11 and Mre11-D16A proteins: 6His-Mre11 and 6His-Mre11-D16A G418 r and URA3 flanked by MRE11 sequences was generated using primers MRE11.G and MRE11.U to amplify DNA in the were purified from Escherichia coli strains tailored to express these proteins (Furuse et al. 1998) . Nontagged Rad50, Mre11, cassette plasmid pCORE (Storici et al. 2001) . Sequences of these and all other primers are available upon request. This and Xrs2 were overexpressed in yeast and purified to near homogeneity as described previously (Trujillo and Sung fragment was used to insert the cassette into the MRE11 gene on chromosome XIII between nucleotides (nt) G46 and A47 2001; Trujillo et al. 2003) . The concentrations of Rad50, Mre11, 6His-Mre11, 6His-Mre11-D16A, and Xrs2 were deterof the coding region. Cells were subsequently transformed with the 80-mer MRE11.a and MRE11.b and 5-FOA r G418-mined by densitometric scanning of 7.5% SDS-PAGE gels containing multiple loadings of the purified proteins against sensitive cells were selected. Genomic MRE11 DNAs from three independent transformants were sequenced and found known amounts of bovine serum albumin run on the same gel (Trujillo et al. 2003) . to contain a single mutation at codon 16 from GAT to GCT, changing the coding from aspartate to alanine. Using the Binding studies were conducted by incubating purified Rad50 (5 g, 1.1 m) or Xrs2 (2.3 g, 0.8 m) with and same approach plasmid pSM258 (CEN/ARS, TRP1, MRE11) was modified in an MRE11-deleted strain background (YLKLwithout purified Mre11 (3.5 g, 1.5 m) or Mre11-6His (3.5 g, 1.5 m) at 0Њ in 30 l of B buffer (20 mm KH 2 PO 4 , pH 555) to create pMre11-D16A. All PCR reactions utilized Platinum Pfx enzyme (GIBCO/Invitrogen).
7.4, 0.5 mm EDTA, 1 mm dithiothreitol) containing 150 mm KCl, 5 g BSA, 10 mm imidazole, and 0.01% Igepal (Sigma). Ends-in and ends-out chromosome recombination and NHEJ assays: Plasmid NHEJ assays were performed by LiAc After 60 min of incubation, 10 l of nickel-NTA-agarose beads (QIAGEN, Valencia, CA) were added and the reaction mixtransformation as previously described (Lewis et al. 2002) using uncut or BamHI-cut pRS314 with strains VL6␣ (MRE11), tures were left at 0Њ for another 60 min, with gentle tapping every 2 min. The beads were washed twice with 30 l of B YLKL503 (mre11⌬), and YLKL641 (mre11-D16A). In these experiments the uncut pRS314 DNA serves as a control for varibuffer containing 20 mm imidazole before eluting the bound proteins from the nickel matrix with 30 l of 200 mm imidazole ability in transformation efficiencies among different strains.
Ends-in recombination proficiencies of cells expressing muin B buffer. Cell survival assays: Survival after treatment with gamma tant mre11 alleles were assessed using strain YLKL503 (mre11⌬) containing pRS314, pSM258, pSM304, pSM312, or pMre11-radiation was monitored after exposure to a
137
Cesium source emitting at a dose rate of 2.7 krad/min. Two or three indepen-D16A. Cells were transformed with pLKL37Y that had been dent log phase cultures containing YLKL503 (mre11⌬) cells cut inside URA3 with NcoI. pLKL37Y was created in the followwith pRS314 or different MRE11 plasmids (see above) were ing way: A 1.2-kb HindIII URA3 gene fragment obtained from irradiated and placed on ice and mean fractions of surviving YEp24 was made blunt with T4 DNA polymerase and cloned cells were calculated after dilutions were spread onto synthetic into SalI/NotI-cut pRS303 that had also been made flush by glucose plates without tryptophan. Hydroxyurea survival assays extension of sticky ends with T4 DNA polymerase. The rewere performed by dilution pronging and fivefold dilutions sulting plasmid, pLKL37Y, is an integrating vector containing of cells as described (Lewis et al. 2002) . Strains used for the URA3 and HIS3. After digestion with NcoI and transformation, assays were YLKL503 containing pRS314 and MRE11 plasmids Ura ϩ colonies formed by recombinational integration of the as above. Control strains were YLKL532 (⌬rad51) and YLKLplasmid into the ura3-52 locus on chromosome V were scored. 593 (⌬yku70) containing pRS314. Cells were propagated on In this assay most transformants are Ura ϩ His ϩ integrants (see synthetic glucose plates minus tryptophan with increasing con- Figure 3B ), with a small fraction (Յ1%) of Ura ϩ His Ϫ cells centrations of hydroxyurea. presumed to arise by conversion of ura3-52 on the chromosome. All transformation efficiencies (transformants per microgram of DNA) were normalized to those for uncut CEN/ ARS plasmid DNA (pRS316Gal) transformed into the same RESULTS competent cell preparations on the same day. Results presented are the mean ϮSD of 3-5 experiments for each strain.
The mre11-D16A mutation greatly increases sensitivity Ends-out gene conversion assays were performed using deto ionizing radiation: The endo-and exonuclease activirivatives of the strain BY4742-TRP5-HP53 (Table 1) on DNA repair in mitotic cells, the MRE11 locus on Lewis et al. 2002) . Haploid exo1 mutants are not sensitive to radiation, but exo1 rmx more sequence changes, transformants containing perfectly excised cassettes were identified by 5-FOA countdouble mutants exhibit slightly more gamma sensitivity than rmx single mutants and reduced repair proficiency erselection of Ura Ϫ cells and confirmation of loss of the selectable marker (G418 r ) along with sequencing of the in plasmid DSB repair assays (Symington et al. 2000; Lewis et al. 2002) . To assess the possibility that the resulting DNA locus (see materials and methods). A plasmid-borne version of MRE11 on pSM258 was simiresidual radiation resistance of nuclease-defective mre11-D16A cells is due to basal level expression of Exo1, larly converted to mre11-D16A after propagation in an MRE11-deleted strain background, producing the plasdouble-mutant strains were constructed and tested for radiation sensitivity. exo1 mre11-D16A double mutants mid pMre11-D16A. mre11 null cells are hypersensitive to killing by many exhibited ‫-01ف‬fold more killing at 20 krad than mre11-D16A cells did ( Figure 2B ). This suggests that a large physical and chemical agents that induce DSBs, including ionizing radiation. For example, haploid mre11 fraction of radiation-induced DSBs in mre11-D16A cells are processed by the 5Ј-to-3Ј exonuclease activity of mutants are fully as sensitive to ionizing radiation as strongly recombination-defective rad51, rad52, and rad54
Exo1. However, killing did not reach the level of exo1 mre11⌬ double mutants, which were slightly more sensistrains (Saeki et al. 1980; Lewis and Resnick 2000; Bennett et al. 2001) . Survival of logarithmically growing tive than mre11 single mutants. Radiation-induced DSBs are repaired primarily by hocells containing mre11-D16A was found to be reduced at all doses tested, although cells were not as sensitive mologous recombinational mechanisms and current models propose that RMX initiates recombination by as mre11⌬ strains (Figure 2A ). In contrast, the widely studied phosphoesterase motif II and III mutants mre11-processing DSB ends to generate 3Ј single-strand overhangs (Sung et al. 2000; Symington 2002 ). The gamma D56N and -H125N displayed near-wild-type resistance sensitivity of the mre11-D16A mutants is in agreement by NHEJ, typically ‫-01ف‬ to 100-fold, is not observed in mutants deficient only in the recombination pathway with this model and may also be an indication that Mre11-D16A protein has reduced nuclease activity relative to (e.g., rad51 or rad52). NHEJ repair events were scored as transformant cells that had recircularized the broken the Mre11-D56N and Mre11-H125N enzymes (see discussion).
plasmid under conditions where repair by homologous recombination was not possible. Repair of the DSB by mre11-D16A cells are unable to repair a site-specific DSB by homologous recombination, but are proficient NHEJ was reduced 20-fold in mre11⌬ strains ( Figure  4A ). Similar to a previous report for mre11-D56N and in NHEJ repair: To address the consequences of the MRE11 mutations on repair by the two pathways we mre11-H125N mutants (Moreau et al. 1999) , mre11-D16A strains exhibited approximately wild-type levels of NHEJ utilized separate assays that each relied on repair of a defined DSB structure created in a plasmid (shown repair. This observation reinforces the idea that the nuclease functions of the complex are not required for schematically in Figure 3, A and B) . For each assay a single, cohesive-ended DSB with 5Ј overhangs that were RMX-mediated NHEJ repair. The proficiency at NHEJ also implies that each of the mutants is able to form four bases long served as substrate for repair (see materials and methods). Cells lacking Rad50, Mre11, or productive RMX complexes in vivo. RMX mutants exhibit reduced frequencies of endsXrs2 have reduced ability to recircularize linear plasmids in vivo after cell transformation if the DSB is in a in ( Figure 3B ).
used for the assays is depicted in Figure 3C . Figure 4C , no recombinants were observed when cally ‫%1-5.0ف‬ in wild-type cells) of DSBs were repaired by gene conversion of the chromosomal locus to prorad52 cells were assayed. Recombination frequencies in mre11⌬ and mre11-D16A strains (recorded as integration duce Ura ϩ His Ϫ colonies (see below). For all experiments, transformation efficiencies (recombinants formed events per 0.5 nmol of oligonucleotide DNA) were decreased to 2.1 and 1.3% of wild-type levels, respectively. per microgram of DNA) were normalized to those for uncut CEN/ARS plasmids transformed into the same Thus, mre11-D16A mutants are approximately as deficient as mre11 null cells in both classes of recombination competent cell preparations on the same day.
The efficiency of ends-in recombinational repair was events. The nuclease mutants are differentially sensitive to reduced ‫-02ف‬fold in mre11⌬ strains ( Figure 4B ). Interestingly, mre11-D16A cells were as defective in recombithe S-phase clastogens HU and MMS: Exposure of cells to high levels of the ribonucleotide reductase inhibitor national repair of the plasmid DSBs as mre11⌬ strains. In contrast, recombination was much higher in strains HU leads to replication inhibition and formation of DSBs in chromosomal DNA (Merrill and Holm 1999; expressing the mre11-D56N and -H125N mutants (25 and 33% of wild-type levels, respectively). Over 99% of D'Amours and Jackson 2001). In contrast, low levels of HU produce few DSBs, but do result in activation transformant colonies from wild-type cells contained integrated plasmids and were phenotypically Ura ϩ His ϩ , of the S-phase checkpoint and killing of cells that are deficient in this checkpoint response. Early checkpoint with the remainder being Ura ϩ His Ϫ gene convertants. The corresponding numbers for mre11⌬ and mre11-activation events such as phosphorylation of Rad53 are inhibited and survival of RMX mutants is reduced after D16A cells were 99 and 96%, suggesting that crossover and noncrossover frequencies were not greatly affected.
exposure to low levels of HU (D'Amours and Jackson 2001). Like HU, the DNA-methylating agent MMS inWe also determined if the severe recombination defect observed in the mre11-D16A cells was restricted to duces DSBs during replication and is lethal to mutants defective in DSB repair and the S-phase checkpoint the types of ends-in plasmid:chromosome targeting events analyzed in Figure 4B mm. These cells were moderately more sensitive than tagged wild-type Mre11 protein. As shown in Figure 6 , A and B, while Rad50 and Xrs2 have no affinity for the Rec Ϫ rad51 cells and much more sensitive than NHEJdeficient yku70 cells. Cells expressing the phosphoesternickel-NTA-agarose beads, a substantial portion of these two proteins became associated with the beads when ase mutants Mre11-D16A, -D56N, and -H125N required much higher doses of HU to detect loss of viability than tagged Mre11-D16A was present, indicating complex formation. Importantly, the histidine-tagged Mre11-did mre11 null cells. The mre11-D16A strains exhibited killing at a lower dose (40 mm) than that of either of D16A protein has the same affinity for Rad50 and Xrs2 as histidine-tagged wild-type Mre11 ( Figure 6 , A and B, the other nuclease mutants. A similar general pattern of survival was observed when cells were exposed to lanes 4 and 8). Consistent with the affinity pulldown results, Mre11-D16A forms a trimeric complex with MMS ( Figure 5B ). Relative sensitivities could again be ordered as mre11⌬ Ͼ rad51⌬ Ͼ mre11-D16A Ͼ mre11-Rad50 and Xrs2 that has a component stoichiometry indistinguishable from that assembled with wild-type D56N or mre11-H125N (most sensitive to least sensitive). The greater killing of mre11-D16A cells compared to the Mre11 (Chen et al. 2001 ; data not shown). These results, in conjunction with the previous work of Furuse et al. other two mutants is qualitatively consistent with the radiation survival curves (Figure 2A ).
(1998), demonstrate that Mre11-D16A protein is proficient at both DNA binding and RMX complex formaPurified Mre11-D16A protein binds efficiently to Rad50 and Xrs2: Mre11 interacts with Rad50 and Xrs2 to tion. form a trimeric complex (Sung et al. 2000; Symington 2002) . To ask whether Mre11-D16A protein retains the DISCUSSION ability to bind Rad50 and Xrs2, purified six-histidinetagged Mre11-D16A was mixed with purified Rad50 or The RMX complex is required for successful completion of several specific DNA metabolic processes in miXrs2, and the complexes formed between the protein pairs were isolated using nickel-NTA-agarose beads, totic cells. These functions include repair by recombination and end-joining, telomere length maintenance, which have high affinity for the histidine tag on Mre11-D16A. We included as positive control six-histidine-DNA replication-associated cell cycle checkpoints, inhi- Tsukamoto et al. 2001; Lobachev et al. 2002) , and Mre11-H213Y (motif IV, Tsubouchi and Ogawa 1998; Usui et al. 1998; Chamankhah and Xiao 1999; Lee et al. 2002) , have been evaluated for Three of the mutant proteins depicted in Table 2  (D56N, H125N , and D16A) are particularly useful for on expression and characterization of mutant Mre11 sensitivities. Another property of mre11-D16A strains is that telomeres are shortened in these mutants, unlike mre1l-D56N or mre11-H125N cells (Furuse et al. 1998; Moreau et al. 1999) . This property has previously been observed in RMX-deleted cells and in strains containing deletions of other NHEJ genes, including YKU70, YKU80, SIR2, SIR3, and SIR4 (Lewis and Resnick 2000) . If this defect in telomere maintenance is due to a greater reduction in nuclease activity in the Mre11-D16A protein (discussed below), it would be supportive of models that postulate a role for RMX in processing of chromosome ends to generate single-stranded DNA overhangs (Diede and Gottschling 2001) .
Of central importance is the question of why the D16A mutant has more severe defects in mitotic cells than the other phosphoesterase mutants do. The RMX complex has ssDNA endonuclease and 3Ј-to-5Ј dsDNA exonuclease activities, as well as a weak DNA helicase activity. In addition, the Mre11 subunit forms specific associations with DNA, Rad50, Xrs2, and possibly other proteins (Sae2?) and may also be subject to post-translational modification in mitotic cells (D' Amours and Jackson 2002; Symington 2002) . Although each of activation of EXO1 in RMX mutants also provide support. Overexpression of the 5Ј-to-3Ј exo activity of Exo1 partially rescues repair of DSBs induced by radiation, analysis of cellular requirements for the Mre11 nuclease activities. Each of these proteins has been reported to MMS, EcoRI, and HO in RMX mutants, as well as the mitotic recombination defects of the mutants (Lee et al. have Lewis et al. 2002; Symington 2002 and references within) . This effect is likely due to enhanced processing ample, each of the proteins is proficient for DNA repair by NHEJ and the purified proteins are capable of RMX of the broken DNA ends by Exo1 to create 3Ј tailed substrates for the Rad51/Rad52 strand exchange comcomplex formation in vitro (Symington 2002 ; Figure  6 ; Table 2). plex. We note, however, that EXO1 overexpression does not rescue meiotic DSB repair (involving removal of Several common DNA repair and chromosome stability defects are found in cells expressing the altered pro-DNA ends containing attached protein by Mre11 endonuclease activity), inverted repeat-stimulated recombiteins. For example, all of the mutants are unable to complete meiotic DSB processing. In addition, each mutant nation (thought to involve endonuclease cleavage of hairpin loops), or shortening of telomeres (which might is more sensitive than wild-type cells to ionizing radiation, MMS, and HU. mre11-D16A cells consistently demonalso involve endo cleavage of T-loop structures; Diede and Gottschling 2001; Symington 2002; K. Lobastrated a stronger sensitivity to the clastogens than did the D56N and H125N mutants. In the two assays of recombinachev and M. Resnick, unpublished results). These latter results clearly point to the importance of the endotional repair of a defined DSB presented here, the D16A mutant behaved as a null while the D56N and H125N nuclease activity of Mre11 in vivo. The endo activity may also be important in resection of damage-induced DSB mutants displayed modest reductions. This result is qualitatively consistent with the relative radiation, MMS, and HU ends in mitotic cells, possibly in conjunction with the Bressan et al. 1998; Lee et al. 2002 ), Mre11-D16A (Furuse et al. 1998 this work), and Mre11-H213Y (Mre11-58; Tsubouchi and Ogawa 1998; Usui et al. 1998; Chamankhah and Xiao 1999; Lee et al. 2002 et al. 1999) ; survival of mre11-H125L/D126V mutants was also near wild type over the dose range 0-30 krad (Bressan et al. 1998) .
c Different levels of MMS sensitivity were reported (Tsubouchi and Ogawa 1998; Usui et al. 1998; Lee et al. 2002) .
weak helicase activity of the complex (Trujillo and Xrs2 complex, although nuclease activities are reduced. We infer that this tethering, combined with redundant Sung 2001; Symington 2002). The major point here is that increased levels of a nuclease (Exo1) rescues nuclease activities, provides an explanation for the observation that the radiation sensitivity of mre11-D16A clastogen sensitivities and recombination defects of RMX mutants during mitotic growth, suggesting that cells did not reach that of mre11⌬ cells. After exposure to ionizing radiation, the tethering function would keep nuclease processing is the function that is missing.
Analyses of the ionizing radiation sensitivities of sister chromatids (or possibly broken DNA ends) in proximity and enhance the likelihood that a break is mre11-D16A and mre11-H125 mutants with and without a functional EXO1 gene present also lend support to processed by Exo1 or another partially redundant nuclease and repaired by the dominant pathway of radithis premise. mre11-D16A strains were more sensitive than the other nuclease mutants and mre11-D16A exo1 ation repair in yeast, homologous recombination. mre11-D16A mutants were not as radiation sensitive double mutants exhibited a linear, dose-dependent reduction in survival that was greater than that of mre11-as mre11⌬ cells, but they were as defective as null cells in the ends-in and ends-out recombination assays. It is D16A single mutants (‫-01ف‬fold difference at 20 krad). This indicates that much of the resistance in the D16A possible that the impact of RMX DNA bridging is less in the plasmid:chromosome and oligonucleotide:chrosingle mutants was due to basal levels of Exo1. The strong sensitivity of these cells and its dependence on mosome DSB repair assays than in the radiation survival assays, since the latter are almost completely dependent Exo1 seem most consistent with the idea that very little or no nuclease activity is retained in the Mre11-D16A on sister chromatid exchanges. DNA tethering by mutant RM*X complexes may also explain why spontanecomplex in vivo, although other factors may also be involved.
ous recombination rates of diploid cells are not elevated in the three mutants with reduced nuclease activities In contrast to results with D16A, radiation survival was high in mre11-H125N mutants and was not reduced (Table 2) . Unlike other RAD52 group mutants, diploid strains lacking RMX display increased spontaneous refurther in mre11-H125N exo1 double mutants at doses up to 30 krad (Moreau et al. 2001 ; Figure 2 ), which combination between homologous chromosomes, possibly because of a reduced preference for interactions corresponds to ‫04ف‬ DSBs per G 2 cell (Resnick and Martin 1976) . If the Mre11-H125N protein is nuclease between sister chromatids (Symington 2002) . The absence of high spontaneous recombination rates in the deficient, then this result would indicate that cells lacking both RMX and Exo1 nuclease activities are largely three nuclease mutants may be an indication that RMX complexes containing Mre11-D16A, Mre11-D56N, and proficient at processing of radiation-induced DSBs for recombinational repair. Put another way, this would Mre11-H125N are still capable of forming bridges between sister chromatids, and therefore the strong prefmean that the major enzymatic activities defined for Mre11 (and Exo1) in vitro are not essential for a major erence for sister-sister recombination has been retained. mre11-D56N and mre11-H125N mutants have only function of the complex in vivo (repair of chemically and physically induced DSBs). It seems more likely that slight reductions in mitotic DSB repair, but they show strong defects in assays of inverted repeat-stimulated survival is high in mre11-H125N cells lacking the "backup" Exo1 nuclease activity because the mutant recombination in mitotic cells and DSB processing in meiotic cells (this work; Rattray et al. 2001; Lobachev RMX complex has residual nuclease activity in vivo.
Another question that must be addressed is the followet al. 2002; Symington 2002) . The latter two processes are likely to involve endonucleolytic cleavage of traning: If the nuclease activity of mre11-D16A mutants is absent (or greatly reduced), why is radiation resistance siently formed hairpin structures and protein-bound DNA ends, respectively, and they cannot be rescued by not reduced to the level of mre11 null strains? We suggest that an important difference here is the presence or overexpression of EXO1. It is possible that the mutant D56N and H125N complexes have a reduced level of absence of the RMX complex bound to DSB ends. Structural studies have indicated that two Mre11 molecules endonuclease activity in vivo and that the type of endprocessing required for these structures cannot be supbind to the proximal ends of two folded, fibrous Rad50 subunits to form the DNA-binding portion of the complied by backup enzymes such as Exo1. If this is true, then the reduced levels of RMX endonuclease activity plex (Anderson et al. 2001; Chen et al. 2001; De Jager et al. 2001; Hopfner et al. 2002) . The structures imply in the mutants might be limiting for these repair events, but not for others that can also be performed by redunthat RMX might potentially form a bridge between two DNA ends in a broken molecule or between adjacent dant nucleases. Other possibilities, such as impacts on helicase activity or postendonucleolytic processing by sister chromatids in a replicated chromosome. The latter structure would be consistent with the observation the exonuclease cannot be ruled out, however. Finally, we note that D16 of S. cerevisiae Mre11 is comthat Rad50 is structurally similar to SMC proteins required for sister chromatid cohesion (Hopfner et al. pletely conserved among many related yeasts (H125 also), but D56 is changed to a valine in the yeast S. 2000). It is possible that this "tethering" function of RMX is retained in the mutant Rad50/Mre11-D16A/ kluyveri (Saccharomyces Genome Database; http://www. the strong radiation sensitivity and recombination de-
